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1983.-The objective was to find out whether'the known failure of brown adipose tissue thermogenesis in the cold-exposed genetically obese (ob/ob) mouse might be due to a defect in the usual cold-induced increase in sympathetic activity in this tissue. Turnover of noradrenaline (norepinephrine) in brown adipose tissue, heart, and spleen was measured in lean and in genetically obese mice from the rate of disappearance of radioactivity after injection of a tracer amount of [3H]noradrenaline and the noradrenaline content, as measured by a radioenzymatic method. Mice were acclimated to 33, 26, or 16OC or were acclimated to 26°C and exposed to 4°C for 3 h. Noradrenaline content of brown adipose tissue of obese mice was either the same as or higher than that of lean mice at all temperatures studied. Noradrenaline turnover rates in brown adipose tissue were similar in lean and obese mice at 33°C and at 16°C and a similar stimulation of noradrenaline synthesis and secretion occurred in both types of mouse when they were exposed to 4OC. Noradrenaline turnover rates in heart and spleen were similar in lean and obese mice at all temperatures studied. The only major difference between lean and obese mice was a lower noradrenaline turnover rate in brown adipose tissue of the obese mouse acclimated to 26°C. It is concluded that the sympathetic innervation of brown adipose tissue is present in the obese mouse and that there is no major defect in cold-induced stimulation of the sympathetic innervation to brown adipose tissue in these animals.
noradrenaline
(norepinephrine); thermogenesis; nonshivering thermogenesis; obesity THE GENETICALLY OBESE (ob/ob) mouse fails to maintain its body temperature in the cold (6, 25) because it is unable to activate thermogenesis in its brown adipose tissue (BAT) (10, 11, 24) . This failure of cold-induced nonshivering thermogenesis in BAT appears to be one of the principal causes of the low metabolic rate and high metabolic efficiency of these animals (X,19,23) and thus of their obesity. On the basis of the poor thermogenic response of BAT of the ob/ob mouse to cold (11, 12) , the poor thermogenic response of the ob/ob mouse to injected noradrenaline (norepinephrine) (25) , and the reduced effect of injected noradrenaline on BAT blood flow in the ob/ob mouse (24), it has been suggested that BAT of the ob/ob mouse is refractory to noradrenaline and that this renders the ob/ob mouse defective in both coldinduced nonshivering thermogenesis and in diet-induced thermogenesis (11, 12) . In keeping with this suggestion are recent reports of refractoriness of BAT isolated from the ob/ob mouse to noradrenaline and to nerve stimulation (20) and of reduced sensitivity of BAT adenylate cyclase of the ob/ob mouse to stimulation by noradrenaline (1, 2) . However, it is not known whether the sympathetic innervation of BAT in the ob/ob mouse is normal and whether it is activated by cold exposure. The objective of the experiments reported in this paper was to measure sympathetic activity in BAT of ob/ob mice and lean control mice exposed to (or acclimated to) various temperatures.
METHODS
Female lean (+/+ or +/ob) and genetically obese (ob/ ob) mice were obtained at an age of 5 wk from Jackson Laboratories, Bar Harbor, ME. They were maintained at 26OC in plastic cages, four mice per cage, with free access to food (Purina rat chow 5012) and water and a 12:12 lighting schedule. They were studied at an age of [12] [13] wk.
Three days before a first series of four experiments, animals were individually caged. In each experiment seven mice (all lean or all obese) acclimated to 26 it l°C were injected subcutaneously on the back near the tail with L-[2,5,6,-3H]noradrenaline (44.7 Ci/mmol), previously diluted to 25 @/ml with 0.9% NaCl containing 0.01% ascorbic acid, at a dose of 250 pCi/kg for lean mice or 125 &i/kg for obese mice. After exactly 1 h, one mouse was killed, three mice were placed at 4 t 2"C, and three mice were left at 26 & l°C (injections were staggered in time so that timing of exposure was exact). Pairs of mice (one at 26OC and one at 4°C) were killed, 1, 2, and 3 h after the first mouse.
In a second series of four experiments animals were placed in individual. cages at 16 t 2OC or two mice per cage at 33 t l°C for a period of 2 wk before the experiments. In each experiment four lean and four obese mice acclimated to 16 or 33OC were injected with [3H]noradrenaline (as described above). Mice were killed in pairs (one lean and one obese) at l-hour intervals, starting 1 h after injection of [3H]noradrenaline.
Animals were killed by cervical dislocation and the interscapular plus subscapular brown adipose tissue, the heart, and the spleen removed and placed in an ice-cold solution containing 0.25 M sucrose, 1 mM HEPES (N-2.
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) and 0.2 mM EDTA (potassium salt) at pH 7.2. Tissues were cleaned, weighed, frozen on dry ice&id stored at -4OOC for later processing. Tissues were homogenized for 10 s in 3 ml of 1.0% perchloric acid (except for brown adipose tissue from obese mice, which was homogenized in 6 ml) using a Polytron apparatus set at maximum output (ST-7 micro probe, Brinkmann Polytron). Homogenates were centrifuged in a refrigerated centrifuge (rotor HS-4, 5,000 g,, for 40 min; Sorvall RC-2B). Samples of the acid extracts were used for the estimation of both endogenous and tritiated noradrenaline.
Isolation of r3H]noradrenaline and counting conditions. To 2.5 ml of acid extract the following was added: 0.1 ml [ 14C]noradrenaline (54.8 Ci/mol) (recently purified by adsorption on alumina and used for measuring recoveries), 0.1 ml sodium metabisulphite 5.1%, 2.5 ml I M Tris pH 8.6 containing 2.6% EDTA, and finally 0.4 mg alumina. The tubes were mixed on a Vortex for 5 min and centrifuged at low speed, and the supernatant was aspirated and discarded. The alumina was washed three times with glass-distilled water and finally extracted with 2 ml 0.2 N acetic acid.
The acetic acid extracts were transferred to counting vials and mixed with 10 ml PCS solubilizer (Amersham). Radioactivity was measured by dual label counting in a Beckman liquid scintillation counter equipped with AQC (automatic quench correction) 'by the external standard method using a series of standards prepared in PCS solubilizer and quenched with various volumes of 0.2 N acetic acid. Recoveries of [14C]noradrenaline were between 60 and '70% and values for C3H]noradrenaline were accordingly corrected.
Noradrenaline was assayed in the perchloric acid extracts by a radioenzymatic method (7, 9) using S-[3H]-adenosylmethionine and phenylethanolamine N-methyltransferase (prepared from beef adrenals). Contribution of counts by the C3H]noradrenaline already in the sample from the mouse was checked and found negligible compared with the counts in the adrenaline S-[3H]adenosylmethionine in the assay.
formed from mation temperature or groups of mice of the same type at different acclimation temperatures. In the experiment in which mice acclimated to 26OC were exposed to 4OC, this procedure for calculation' of NATR could not be used because the noradrenaline content of BAT and heart decreased during the cold exposure. In this experiment synthesis rates (Fl) and secretion rates (Fz) were estimated for each experiment arithmetically from differences between values at 0 and 1 h and between values at 1 and 2 h by the following equations (21)
where NA1 is ng noradrenaline/organ at tl time;NAz, ng noradrenaline/organ at t2 time; SAI, specific activity (dpm/ng) at tl; SA2, specific activity (dpm/ng) at t2; Fl, overall rate of addition or rate of synthesis; F2, rate of depletion or rate of secretion. Fl and F2 refer to average fluxes between the arbitrarily chosen intervals of tl and t2*
RESULTS
Body weights of obese mice were about twice those of the lean mice at any acclimation temperature and after cold exposure (Table 1) . No effect of acclimation temperature on body weight was seen in lean or obese mice except for the obese mice at 16°C at which a decrease in body weight occurred. BAT weights for lean mice acclimated to 26 and 16OC were lower than those for lean mice at 33OC; BAT weights for obese mice were lower at 26OC than at 33OC. Acute exposure to 4OC resulted in a decrease in BAT weight in lean but not in obese mice. Heart weights from obese mice were higher than values for lean mice at the same acclimation temperature. The weight of the heart in lean and obese mice acclimated to z 26 or 16OC was greater than the weight of the heart from $ LEAN OBESE similar animals acclimated to 33OC. The total noradrenaline content of BAT was the same in lean and obese mice acclimated to 33'C (Table 2) . Z, Acclimation to 26 or to 16°C resulted in a higher total noradrenaline content of BAT in obese mice than in lean mice. Exposure of both lean and obese mice to 4OC for 3 h resulted in a marked reduction in noradrenaline con-4 tent of BAT (Fig. 1) . The noradrenaline content of heart and of spleen was similar in lean and obese mice accli-8 2 loo mated to 33OC. Acclimation to 26°C resulted in a higher 0 noradrenaline content in heart and spleen of obese mice, c compared with lean mice. Acclimation to 16°C either had no effect on noradrenaline content (spleen) or reduced it (heart) in obese mice.
. . In BAT both the rate constants (K) for the decline of w 100 L specific activity of noradrenaline with time and' the E 26°C NATR were similar in lean and obese mice acclimated to $ 50~ 26OC L 33OC (Table 3 and Fig. 2 ). Acclimation to 26 or to 16OC increased the rate constant and the NATR in BAT of lean mice. A similar trend was seen in BAT of obese i ,og g 3 % a mice, but the increases were smaller and the rate constant was significantly different. from that at 33OC only in obese mice acclimated to 1s"C. METHODS) revealed similar increases in both lean and obese mice during the 1st h of exposure to 4OC. During the 2nd h of coldexposure, secretion rates declined to the level seen in mice at 26OC. NATR in heart was similar in lean and obese mice and relatively little affected by acclimation temperature (Table 3 and Fig. 3) . Exposure of 26°C-acclimated mice to 4OC resulted in a decline in noradrenaline content of heart, greater in the obese mice than in the lean 'mice (Fig. 3) . Noradrenaline synthesis and secretion rates in heart increased to a similar high level in both lean and obese cold-exposed mice (Table 3) .
NATR in spleen was unaffected by acclimation temperature or by exposure to 4OC (Table 3 and Figs. 2 and  3 ). Because others have seen a cold-induced increase in NATR in spleen (3), the lack of cold-induced change in our experiments may be due to the short time intervals studied, appropriate for measurement. of NATR in BAT but not in spleen. V&es are given in rig/organ and are means k SE for 16 animals.
* Signifkantly different from lean mice at the same temperature.
t Signifkantly different from the same type of mouse acclimated to 33OC.
DISCUSSION
Between 1 and 4 h after injection of tracer amounts of C3H]norad.renaline, the decline in specific activity of noradrenaline in BAT, heart, and spleen of lean and obese mice acclimated to different temperatures (33, 26, and 16OC) followed first-order kinetics. A similar monoexponential decline has previously been demonstrated in rat heart (4,16), pancreas, and liver (28) . The technique used to calculate NATR from the decline in specific activity of noradrenaline assumes that organ noradrenaline exists in a single compartment (26) . This is most certainly not the case because noradrenaline is present in at least two types of vesicle in sympathetic nerves of most peripheral organs (8, 22) , including BAT (30, 31) ) and a multicompartmental model can equally well result in the observed first-order kinetics (26) . Thus the calculated NATR is not necessarily an accurate measure of the absolute rates FIG. 3. Effect of exposure to 4°C on noradrenaline content and decrease in specific activity in heart and spleen of lean and ob/ob mice previously acclimated to 26OC. See Fig. 1 legend for additional information. Horizontal lines represent mean noradrenaline content of tissue of 16 mice at 26°C; standard error bars are too small to appear on scale of this figure. Mean correlation coefficients for decline in NA specific activity with time are: for lean mice at 26"C, heart 0.905 k 0.046, spleen 0.833 k 0.120; for obese mice at 26OC, heart 0.781 f: 0.077, spleen 0.775 * 0.020.
of noradrenaline synthesis and secretion. However, it is of value for comparative studies of sympathetic activity in a given organ under different experimental conditions BROWN ADIPOSE TISSUE OF OB/OB MICE E365 (26) and is used for that purpose in these studies of sympathetic activity in organs of lean and obese mice.
finding has been reported by Knehans and Romsos (14) . It is possible that this difference may be due to a lesser Our values for NATR in heart of lean and obese mice sensitivity of the obese mouse to cold-induced stimulaat 26OC are similar to those reported by Young and tion of sympathetic activity at this mildly cold temperaLandsberg (29) although our estimates of half-lives (3.0 ture. It is also possible that a lesser sensitivity of these and 4.8 h for lean and obese mice) are somewhat shorter obese mouse to diet-induced activation of the sympathan theirs (6.7 and 7.5 h). The content of noradrenaline thetic innervation to BAT (these mice are hyperphagic) in heart was similar in our experiments (60.5 t 1.7 and may explain the lower NATR in their BAT at 26OC. 65.2 sf: 2.1 rig/heart for lean and obese mice) and theirs Noradrenaline turnover rates in heart and spleen were (calculated to be 61.7 and 72.3 rig/heart).
The NATR in BAT of obese mice at 33OC was the same as that in BAT of lean mice at 33OC and acclimation to mild cold (16OC) resulted in a large increase in NATR in both types of mouse to the same high level. The similar activation of sympathetic activity in BAT of lean and obese mice at 16OC shows that cold-dependent activation of the sympathetic innervation to BAT can occur in the obese mouse. This is further supported by the similar changes in BAT noradrenaline content and specific activity in lean and obese mice exposed briefly to 4OC. In an effort to assess NATR in the acutely cold-exposed animals in which the noradrenaline content was becoming depleted, we calculated the rate of synthesis and secretion using the method described by Shipley and Clark (21) . This calculation yields only a rough approximation both because the equation is derived for a singlepool system and because the time intervals studied are rather large and the true shape of the curve during these time intervals is unknown. However, the calculation inSimilar in lean and obese mice at all temperatues of acclimation and exposure. The only significant difference seen was a greater reduction in the obese mouse in the rate of noradrenaline synthesis in heart during the 2nd h of exposure to 4OC, most probably related to the progressive hypothermia of these animals in the cold. A cold-induced increase in NATR in rat heart has been observed by others, but unlike the mouse, the rat is able to maintain a normal noradrenaline content in its heart during exposure to 4OC (17,28).
It is concluded that the sympathetic innervation of BAT, as judged from its noradrenaline content, is present in the genetically obese mouse and that there is no major defect in cold-induced stimulation of the sympathetic activity in BAT of these animals. The increased mass of the tissue [due mainly to accumulation of lipid and only in part to increased protein content (11,12)] may impede to some extent the action of noradrenaline secreted from the nerve endings. However, the failure of the ob/ob mouse to activate thermogenesis in its BAT in response dicates that secretion and synthesis increased considerto cold (10) (11) (12) or to nerve stimulation (20) must lie ably in BAT of both lean and obese mice during the 1st primarily in a refractoriness of the tissue to noradrenah of exposure to 4OC. During the 2nd h of exposure to line, as observed both in vivo (24) and in vitro (20) , rather cold, synthesis and secretion rates declined considerably than to a defect in the sympathetic innervation itself or in both lean and obese mice. Cold-induced activation of in the control of the sympathetic innervation to BAT. It sympathetic activity in BAT of rats (5, 13, 18, 27) is remains a possibility, however, that a defective dietary accompanied by depletion of dopamine P-hydroxylase control of the sympathetic innervation to BAT exists in content (30) , a constituent of the noradrenergic vesicles.
the ob/ob mouse, perhaps at the level of the hypothalaSuch cold-induced depletion of an enzyme required for mus, because this hyperphagic animal has a lesser symthe synthesis of noradrenaline may in part account for pathetic activity in its BAT at 26°C. Dietary control of the marked reduction in the synthesis and secretion of sympathetic activity in other organs of the ob/ob mouse noradrenaline in BAT during the 2nd h of exposure to appears, however, to .be normal (29 
